We report on the design and characterization of methylmethacrylate copolymers with nonlinear optical 4-alkoxy-4'-alkylsulfone stilbene sidechains, which are transparent down to 410 nm. A fairly stable, polar orientation has been obtained by means of electric field poling, resulting in a reasonably high nonlinearity (d33 9 pm/V). Phase matched second harmonic generation in planar waveguides of these polymers is achieved by means of spatially periodic photochemical bleaching of the stilbene sidechain.
INTRODUCTION
Aligning polar molecules imbedded in a polymer matrix by means of a high electric field, as first demonstrated by Havinga and van Pelt' can introduce a significant polar orientation. This makes these materials suitable for second order nonlinear optical (NLO) effects, like electro-optical modulation23 and second harmonic generation34 (SHG). Especially for this last purpose polymeric materials are very promising, as they can easily be applied in optical waveguide geometries, thereby transforming low powers like those emitted by diode lasers into high intensities and consequently giving high conversion efficiencies. This might lead to compact, efficient and inexpensive short wavelength sources that would find wide application in high density optical recording, laser printers etc. . However, up to now no poled polymer has been reported that can be used to double the frequency of the emission of the common AlGaAs-GaAs laser diodes (A 820 nm ). Here we will describe polymers that were specifically designed for this purpose and present the linear and nonlinear optical properties that affect their performance in this specific application. Furthermore we will describe preliminary resuIts on achieving phase matching by means of spatially periodic photobleaching.
FREQUENCY DOUBLING POLYMER
The major requirements for the NLO moiety in a frequency doubling polymer are a high first order hyperpolarizability fi(-2w;w,w) and complete transparency at both the fundamental and the second harmonic wavelength. The latter implies that the first electronic transition , which will be mainly of a charge transfer (CT) character, must lie above the second harmonic photon energy. As a small separation between the CT band and the second harmonic gives a large resonant enhancement to /3 (Ref.
3) a narrow CT band is obviously advantageous. These points are clearly demonstrated in fig. 1 . Important secondary requirements are a large dipole moment for electric field poling and a functional group for chemical bonding to a polymer backbone. After having screened a large number of chromophores for their linear and nonlinear optical properties6, we have selected some stilbene compounds containing an alkylsulfone group as electron acceptor and an alkoxy group as electron donor, as favorable candidates. Sidechain copolymers with methylmethacrylate were synthesized, as described elsewhere7, with various concentrations of the NLO moiety. 
II: R=CH3
The sidechain concentration was limited by the occurrence of semi-crystallinity, giving rise to large scattering losses. This occurred above 25 mass % for compound I and 50 mass % for compound II. Figure 2 shows the solid-state absorption spectrum of such a polymer. At 410 nm the absorbance x is 2.8 cm1 and it increases rapidly at shorter wavelengths. At 800 nm, waveguiding in thin films of these polymers over many centimeters was observed. The refractive indices of these materials were determined using quasi-waveguide techniques at several wavelengths and fitted to a Sellmeier dispersion formula, as shown in fig. 3 . From this, the coherence length l = 2/4(n -n) can be easily determined. This parameter is essential for phase-matching the second harmonic wave to the fundamental one. At 820 nm we find a coherence length of 5.5 tm for the 25% copolymer (II). Part of the wavelength dispersion shown in fig. 3 can be attributed to the polymer backbone (for PMMA, n4ionm n8nm 2.102 ), the rest is due to the strong (oscillator strength 0.6) UV CT band of the NLO chromophores. For poling experiments, thin film samples were prepared by spin-coating from chloroform or chlorobenzene solutions onto indium-tin oxide (ITO) covered glass substrates and overnight annealing at 370 K under vacuum. The electric field for poling was applied with a corona discharge8 at a temperature of 370 K, which is about 20 K below the glass transition temperature of these polymers. Typical fields, as determined by a compensation techniqu& were 1.2 MV/cm. Determination of the nonlinearity was done in situ by a Q-switched Nd:YAG/dye laser system, referencing the SHG intensity of the polymer against that of a y-cut crystal quartz plate, oriented at the maximum of a Maker fringe. Equilibrium nonlinearity d33 is reached in tens of seconds, after which the sample is cooled down to room temperature in 15 minutes. The nonlinearity shows the expected linear dependence on NLO chromophore concentration ( fig. 4 ). Only at the highest concentration a (positive) deviation is found, which may be indicative of extra orientation due to some collective behavior of the chromophores. The highest value obtained was 9 pm/V at 820 nm for the 45% copolymer shortly after poling. The temporal stability of the nonlinearity was fairly good, as shown in fig. 5 , if the sample was stored in a dry environment. Storage at ambient conditions caused a rapid drop in d33 after a few days, due to water diffusing into the polymer which acts as a plasticizer. After two weeks, the polymers were found to contain up to 2 weight % water. Mass % - 
PHASE MATCHING
Several routes are available towards phase matched second harmonic generation in poled polymers. Amongst others are spatially periodic modulation, anomalous dispersion, modal waveguide dispersion and birefringence. Fairly high birefringence due to the chromophore orientation has been reported for poled polymers910. By applying a sufficiently thick silicon-dioxide layer as an optical buffer between the ITO electrode and the polymer film, we were able to carry out prism coupling refractive index measurements on poled films. We found that the as deposited films showed a larger refractive index for light polarized parallel to the plane of the film. For the 25% polymer (II) this amounted to n1 -n ' -2.1O , probably due to flow induced alignment of the sidechains. On annealing at 370 K for 24 hours, this difference strongly decreased. Electric field poling introduced the expected positive birefringence, albeit too small for phase-matching purposes (for 25% (II) n -n1 + 1.1O at 413 nm, whereas n4ionm nenm 5.1O2 ). An explanation forthis low birefnngence remains to be established.
Phase-matching may be obtained by periodic spatial modulation of the nonlinearity1' . This has been demonstrated in polymers by applying a spatially periodic poling field12. As such a setup is difficult to realize on a micrometer length scale, we have chosen a different approach. In figure 2 it is shown that the CT band can be fairly easily bleached by UV irradiation, which results in a very strong loss of nonlinearity, -_-accompanied by a decrease inrefractive index. This decrease is wavelength dependent, ranging from 3.1€ at 820 nm to 9.1O at 410 nm for the 25% polymer (II). Using gratingwise photobleaching with an UV laser beam pattern generator we have accompushed the desired spatial modulation on a poled polymer film. The experimental set-up for observing phase matching is shown in fig. 5 and typical results are shown in fig. 6 . Phase matching, as witnessed by the strong increase in second harmonic intensity, is observed close to the wavelengths calculated from the linear optical properties. The width of the phase match peak is much larger than expected, which is most likely due to variations of the effective waveguide propagation constants. Depending on waveguide design, even very small thickness fluctuations may lead to this broadening and therefore a very stringent thickness control of polymer waveguides needs to be developed. As we have also succeeded in defining channel waveguides in these polymers by photobleaching, an entirely 'photographic' definition of a polymeric frequency doubling device seems feasible. 
CONCLUSION 770
In conclusion, we have described the design and characterization of methylmethacrylate copolymers with 4-alkoxy-4'-alkylsulfone stilbene sidechains as nonlinear optical moieties, which are suited for frequency doubling of 820 nm diode Iasers. Phase matching by means of spatially periodic photobleaching was demonstrated. 
